Corrosion tests have been conducted to determine the compatibility of gallium with candidate structural materials for the International Thermonuclear Experimental Reactor (ITER) first wall/blanket systems, e.g., Type 3 16 stainless steel (SS), Inconel 625, and Nb-5 MO-1 Zr. The results indicate that Type 316 SS is least resistant to corrosion in static gadlium and Nb-5 MO-1 Zr alloy is most resistant. At 400"C, corrosion rates for Type 316 SS, Inconel 625, and Nb-5 MO-1 Zr alloy are -4.0, 0.5, and 0.03 mm/yr, respectively. Iron, nickel, and chromium react rapidly with gallium. Iron shows greater corrosion than nickel at 400°C (288 and 18 mm/yr, respectively). The present study indicates that at temperatures up to 400"C, corrosion occurs primarily by dissolution and is accompanied by formation of metal/gallium intermetallic compounds. The growth of intermetallic compounds may control the overall rate of corrosion.
INTRODUCTION
Gallium is under consideration for use as a liquid-metal heattransport medium for the International Thermonuclear Experimental Reactor (ITER) because it remains liquid over a wider temperature range than any other metal, i.e., from1 near room temperature (3OOC) to =2300"C, and because it exhibits good thermal conductivity and very low vapor pressure at high temperatures. Its disadvantages include a relatively high thermal-neutron absorption coefficient (2.77 barns) and a 3.2% volume increase during solidification. Gallium also has a high affinity for most engineering metals and alloys. Pure metals such as aluminum, zinc, and tin diqintegrate in liquid gallium at 30°C. Refractory metals and ceramics, sulch as tantalum, tungsten, graphite, stabilized Zr02, and quarl z are most stable in gallium [ 1-31. A major concern regarding the use of liquid metals for heattransport applications is their compatibility with containlment materials. Compatibility of structural materids with liquid metals has a major influence on material selection and operating limitations for liquid-metal heat-transport systems. Corrosion in the form of uniform or selective dissolution, intergranular attack, and transfer of interstitial elements to and from the liquid metal can reduce the effective section thickness of structural components. Radioactive mass transfer/deposition of corrosion products may cause severe flow restrictions and excessive accumulation of radioactive material in unshielded regions. Corrosion/dissolution can reduce mechanical integrity, and mass transfeddeposition phenomena can increase pumping-power requirements, decrease the efficiency of energy conversion, and complicate system maintenance. This article presents results of tests to determine the compatibility of gallium with candidate structural materials for ITER first-wall/blanket systems, e.g., Type 3 16 SS, Inconel 625, and Nb-5 MO-1 Zr alloy. Armco iron, Nickel 270, and pure chromium were included in the study as reference materials.
EXPERIMENTAL PROCEDURE
Corrosion tests were conducted in alumina capsules with a threaded metal fitting at the top end for sealing. Each capsule contained a single test specimen immersed in =11 cm3 of gallium. The capsules were capped and sealed in a high-purityargon environment. Corrosion coupons (=lo x 20 x 0.4-1.1 mm) were prepared from Type 316 SS, Inconel 625, Nb-5 MO-1 Zr alloy, Nickel 270 (99.995 wt.% Ni), Armco iron, and pure chromium. The compositions of the alloys are given in Table 1 . The coupons were bent into a U-shape to study the effect of cold work. Corrosion tests were conducted at 300 and 400°C for up to 3000 h. After testing, the capsules were inverted and the gallium drained from the specimens to prevent possible deposition of corrosion products on the specimen surface during cooling. Specimen weight and dimensions were recorded before and after testing. All specimens were examined metallographically to determine metal loss and thickness of the reaction layer. Metal loss was determined from the initial thickness of the corrosion coupon and sound metal remaining after the test.
EXPERIMENTAL RESULTS
Corrosion test results for the various materials are tabulated Ref. 4 . Nearly all of the corrosion coupons gained weight after exposure; only the Nb-5 MO-1 Zr alloy exposed at 400°C for 300 and 1,076 h lost weight. Pure metals react rapidly with gallium at 400°C; an -0.5-mm-thick iron specimen reacted completely within 24 h, and an =0.3-mm-thick chromium specimen disintegrated within 100 h. The corrosion rates at 400°C were estimated to be 210 and 2 pm/h for Armco iron and Nickel 270, respectively. These values correspond to metal losses of 288 and -18 m d y r , or mass transfer of 27.9 and 1.8 mg/cm2.h for pure iron and nickel, respectively. For chromium, only an approximate value of corrosion rate was obtained because the actual time required for the specimen to dissolve in gallium could not be established accurately. The 100-h result yields a corrosion rate of 21.5 pm/h (i.e., 213 m d y r or 21 mg/cm2.h). The corrosion rates for iron and chromium are consistent with the values reported by Yatsenko [5, 6] , but the rate for nickel is lower by two orders of magnitude. 
Type 316 SS 0.020 mmiy Metal losses for the various materials are plotted as a function of time in Fig. 1 . Corrosion rates for the alloys are lower than those for the pure metals. The iron-based Type 316 SS exhibits more corrosion than the nickel-based Inconel 625. At 400"C, the corrosion rate of Type 3 16 SS is nearly one order of magnitude greater than that of Inconel 625. The Nb-5 Mol Zr alloy showed no measurable corrosion at 300 or 400°C. Corrosion rates for Type 316 SS exposed at 400°C decrease with time because of the limited quantity of gallium used in the experiments (the supply of gallium is exhausted) and/or because of specimen geometry (corrosion on the inner surface of a U-shaped coupon will stop when the space between the two sides of the specimen fills with reaction layer). The latter behavior was observed in the specimen exposed for 1,076 h at 400°C. Consequently, only values of metal loss up to 300 h were used to determine the corrosion rate of Type 316 SS at 400°C. An Arrhenius plot of the corrosion rates of various metals and alloys is shown in Fig. 2 . Short-term (300-h) tests were conducted at 375, 350, and 320°C to better establish the temperature dependence of the corrosion rate of Type 316 SS. In all cases, linear-rate law for metal loss was assumed to determine the corrosion rates. These values may represent a conservative estimate of corrosion. Results of high-alloy steels Khl8N9T (Fe-I8 Cr-9 Ni-0.6 Ti) and KhN77TYu (Ni-21 Cr-2.6 Ti-0.8 Al) exposed to gallium under dynamic conditions (0.15 m/s flow velocity) at 250 and 400°C are also included in the figure 161. Corrosion rates of Inconel 625 and Type 316 SS at 400°C are comparable to those of Kh18N9T and KhN77TYu, but show lower values at 250°C. The differences are most likely due to velocity effects.
METALLOGRAPHIC EXAMINATION
After exposure to gallium, the specimens were sectioned, mounted, and polished for metallographic examination. Some of the samples were etched to reveal signs of grain-boundary attack. The results of a detailed metallographic evaluation of the samples are presented in Ref. 4 . Typical photomicrographs of the specimen cross section and the reaction interface in the cold-worked and noncold-worked area of the specimen are shown in Fig. 3 . Armco iron exposed to gallium at 300°C developed a very porous and thick reaction layer that was identified by X-ray diffraction (XRD) analysis as FeGa,, with gallium metal present in the pores. The specimens exhibited uniform corrosion in both cold-worked and noncold-worked regions, and no intergranular attack was seen. Similar corrosion behavior was observed for Nickel 270, in which the reaction layer primarily consisted of Ni,Ga, and contained small amounts of NiGa4 ir the region in contact with gallium. Most likely, the NiGa4 formed during cooling. XRD also revealed an unidentified phase (X phase), probably another nickel-gallium compound, with d-spacing lines at 2.71, 2.13, and 1.92 A.
A somewhat different behavior was observed for chromium metal; the specimen disintegrated into small crystals. XRD analysis showed the crystals to be CrGa4, indicating thiat the mechanism for corrosion of chromium is basically the same as that for nickel or iron. The difference is that the CrGa4 phase in equilibrium with the saturated solution of gallium did not adhere to the metal surface. Type 316 SS specimens exposed at 400°C exhibited significant corrosion and formation of a thick, porous reaction layer. Although significant corrosion occurred, the specimens were not preferentially attacked along the grain boundaries. IExposure to gallium at 400°C for extended test times (1000 Ih) led to separation of the specimen at the bend, resulting in accelerated corrosion at the sample ends. XRD analysis confirmed that the reaction layer on Type 3 16 SS consisted primarily of FeGa3 and gallium, with some CrGa4 in the region next to the steel surface. Nickel-gallium comDounds were not observed, mens exposed at 300°C exhibited no reaction layer growth; however, the metal surface was etched by the liquid metal. At 400"C, metal loss and reaction layer growth was evident. Layer growth occurred evenly on the e vposed surface, without intergranular attack. There was no distinction between attack of cold-worked and noncold-worked regions. The reaction layer contained CrGa4 and gallium across the entire thickness. XRD also identified the presence of the 'X' phase observed in the Nickel 270 specimen. The Nb-5 MO--1 Zr alloy showed no measurable corrosion at 300 or 400"C, although there appeared to be significant attack of the cold-worked region. The surface of the specimens after exposure was smooth, with very little formation of intermetallic compound. XIUI analysis identified the sparse sur--although they were detected away from the specimen. A photomicrograph of FeGa3 and Ni2Ga3 crystals observed in the saturated gallium solution during a test on Type 316 SS is shown in Fig. 4 . The large faceted crystals were identified as FeGa3, and the small platelets are Ni2Ga3. The specimens exposed at 200°C showed that gallium does not wet the surface at this temperature. Specimens exposed at 300°C displayed little corrosion and reaction layer formation. After 100-and 300-h tests, the specimens did not develop a reaction layer, although, the metal surface exposed to gallium was attacked slightly. Reaction layers formed on the entire specimen during 1000-and 3000-h exposures. Three Type 316 SS specimens were exposed for 300 h at 320, 350, and 375°C. Thickness of the reaction layer increased linearly with temperature. The reaction layer was similar to that observed after exposure for 1000 or 3000 h at 300°C. Inconel 625 specimens showed significant corrosion at 400°C and little or no corrosion at 300°C. The Inconel 625 speci- face compound formations as NbGa3. In this alloy, cracking was enhanced by liquid gallium. All specimens exhibited significant intergranular attack in cold-worked regions. Some postexposure cracks showed significant branching, with lengths in excess of 60 pm.
DISCUSSION
Corrosion of structural alloys occurs primarily by dissolution of elements in liquid gallium. After an initial incubation period to allow wetting, gallium dissolves the elements of the alloys because their concentrations in the liquid are lower than their solubilities. Under isothermal conditions, the dissolution process will continue at a constant rate only when experimental conditions stay the same during the test. In capsule tests with a limited volume of liquid metal, dissolution will become slower and then stop completely when the liquid metal becomes saturated. However, in gallium, corrosion of metals and alloys is accompanied by formation of metal-gallium intermetallic compounds. Consequently, dissolution can occur after saturation by formation of intermetallic compounds from the saturated solution of gallium. The growth of these compounds may control the overall rate of corrosion for some metals and alloys. Intermetallic compounds, typically MGa3 or MGa4, form on the surface of the specimen when the gallium becomes saturated with the metals. Crystalline binary intermetallic phases grow from the melt. Because a significant amount of gallium was detected in the pores of the reaction layer near the base metal, we postulate that the primary reactions and crystal formation occur at the metal surface. Fresh gallium is transported through the lattice of the reaction layer to the reaction zone. The dissolution reaction proceeds as long as fresh gallium can reach the reaction zone. The solubilities of iron, chromium, nickel, and niobium follow the sequence Ni > Fe > Cr > Nb at temperatures above 300"C, with the solubilities of iron, nickel, and chromium greater by several orders of magnitude than that of niobium at any given temperature [4] . This explains the difference between the corrosion rates of Type 316 SS, Inconel 625, and Nb-5 MO-1 Zr. The corrosion rate of Type 316 SS was greater than that of the nickel-based Inconel 625 alloy. XRD analysis confirmed that the major reaction layers on Type 316 SS and Inconel 625 were FeGa3 and CrGa4, respectively. Chromium from Inconel 625 dissolves before the highly soluble nickel, resulting in a lower corrosion rate for the Inconel alloy than for the stainless steel. The solubility of niobium, molybdenum, and zirconium in gallium is relatively low, and it is expected that the niobium alloy will experience little or no measurable corrosion at the present exposure temperatures.
Figure 2 may be used to establish the maximum temperature for gallium/structural alloy systems. A maximum corrosion rate is first defined on the basis of either allowable change in section thickness of the component or allowable mass transfer in the liquid metal system. The maximum operating temperature corresponding to the maximum corrosion rate is then obtained from Fig. 2 for a specific alloy/gallium system. For example, the maximum surface temperature of a Type 316 SS component must be <35OoC to keep corrosion rates below 250 p d y r . The niobium alloy can operate at higher temperatures for the same corrosion criterion. Note that the effects of system variables such as velocity and AT on corrosion mass transfer are not included in Fig. 2 .
CONCLUSIONS
Tests were conducted to determine the compatibility of gallium with candidate structural materials for ITER, i.e., Type 316 SS, Inconel 625, and Nb-5 MO-1 Zr alloy, as well as Armco iron, Nickel 270, and pure chromium. The pure metals reacted rapidly with gallium. In contrast to results of earlier studies, pure iron showed greater corrosion than nickel.
The corrosion rates for Armco iron and Nickel 270 at 4OOOC were 288 and 18 mm/yr, respectively. Corrosion of ironbased Type 316 SS was greater than that of nickel-base
Inconel 625. The Nb-5 MO-1 Zr alloy was most resistant to corrosion in static gallium. At 4OO0C, corrosion rates were ~4 . 0 , 0.5, and 0.03 mm/yr for Type 316 SS, Inconel 625, and Nb-5 MCF 1 Zr, respectively. However, intergranular attack of the cold-worked region in the niobium alloy was observed. The results indicate that at temperatures up to 400°C, corrosion occurred primarily by dissolution, accompanied by formation of metal/gallium intermetallic compounds. The growth of intermetallic compounds may control the overall rate of corrosion.
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